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Abstract

Introduction

The aim of this study was to evaluate the in vitro
degradation of a poly (DL-lactide-~:-caprolactone)
nerve guide with an initial molecular weight (Mw) of
1.1 x 106 kg/kmol in phosphate buffer (pH = 7.4),
after different time intervals, ranging from 7-98 days.
We evaluated the changes in Mw, dry and wet volume,
dry and wet mass and pH of the buffer. In addition,
cryo scanning electron microscopical (cryo SEM)
evalua-tion of the degrading nerve guides was carried
out to eval uate the effect of the degradation on the
surface of the nerve guide.
The degradation of the poly (DL-lactide-~:-capro
lactone) nerve guides is characterized by a slow
decrease in Mw and a change in physical properties
after 10 weeks. Cryo-SEM analysis showed holes with
a diameter of approximately 0.3 J.tm 5 weeks after
degradation. After 8 weeks of degradation , cracks
could also be observed.
From this study, it seems likely that the temperature at which the nerve guides are stored (in this
study at room temperature), has a great impact on the
evaluated parameters.

The use of degradable biomaterials tn clinical
applications is of increasing interest in medical
practice (Ali, 1993), especially for temporary therapeutic applications (Vert et al., 1992). For example,
degradable drug release systems, degradable dental
membranes and degradable hydroxyapatite coatings are
already used routinely. A new application for biodegradable materials is the use of a nerve guide for
nerve reconstruction. After reconstruction of a nerve
defect, the nerve guide directs the outgrowing nerve
fibers towards the distal nerve stump , whilst preventing neuroma formation and the ingrowth of
fibrous tissue into the nerve gap. After serving its
function as a temporary scaffold , the nerve guide may
degrade completely. The rate of degradation is of
utmost importance for the ultimate quality of nerve
regeneration. If, for example, the nerve guide would
degrade too slowly, some slow-degrading fragments of
biomaterial might negatively influence nerve function
due to the formation of scar tissue. This may in tum
lead to constriction of the nerve, or it might cause
chronic irritation at the implantation site (Den Dunnen
et al., 1995).
In previous studies a copolymer of 50% DLlactide and 50% ~:-caprolactone was used as a nerve
guide (Den Dunnen et al., 1995, 1996, 1997a,b). The
lactide component contained 85% L-lactide (LLA) and
15% D-lactide (DLA). Nerve regeneration through
this nerve guide was already quite acceptable (Den
Dunnen et al., 1996), and the amorphous poly (DLlactide-~:-caprolactone) degraded completely within one
year (Den Dunnen et al., 1997b). However, the degradation was characterized by swelling of the biomaterial, starting between 1 and 2 months after
implantation (Den Dunnen et al. , 1995, 1996). The
swelling was caused by water uptake by the copolymer
(Den Dunnen et al., 1995), due to the formation of
low molecular weight degradation products, increasing
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the osmolarity in the biomaterial. The swelling of the
nerve guide has a negative effect on the speed and
quality of the nerve regeneration due to compression
of the regenerating and maturing nerve fibers (Den
Dunnen et al., 1995). The amount of swelling depends
on the mass of polymer and the degradation rate of the
biomaterial, which in tum, depends on the type of
polymer, crystallinity, weight, average molecular
weight (Mw) and porosity/effective surface per volume
ratio of the biomaterial (Den Dunnen et al., 1997b).
To study degradation of subcutaneously implanted
poly (DL-lactide-e-caprolactone), bars of materials
(Mw 1.06 x 106 kg/kmol) were evaluated (Den Dunnen
et al., 1997b). After an implantation period of 3
months, the degradation was characterized by swelling
of the degrading polymer up to 300% (i.e., 200%
water uptake) .
The aim of the present study was to evaluate the
in vitro degradation of a poly (DL-lactide-e-caprolactone) nerve guide with a Mw of 1.1 x 106 kg/kmol
in phosphate buffer (PB) (pH = 7.4) , after different
time periods, ranging from 7-98 days. To do so, the
changes in Mw, dry- and wet volume, dry- and wet
mass and pH of the PB were evaluated. In addition,
cryo-scanning electron microscopical (cryo SEM)
evaluation of the degrading nerve guides was carried
out to evaluate the effect of the degradation on the
surface of the nerve guide.

Materials and Methods

pH, mass and volume measurements
Twenty-eight nerve guides were evaluated for
changes in mass and volume. Every week, during the
14 weeks of storage of the nerve guides in 150 J.tl PB
at RT, 2 nerve guides were evaluated for dry- and wet
masses using a balance with a 10-4 gram accuracy
(Sartorius 1207 MP 2 ; Sartorius, Gottingen, Germany).
To evaluate the changes in dry- and wet volume of the
degrading nerve guides, a new technique was developed (Fig. 1). The wet volumes were measured by
placing each nerve guide in a certain volume of
demineralized-water. The rise of this volume
corresponds with the wet-volume of the nerve guide.
Before measuring the dry masses and volumes,
the nerve guides were dried for 24 h at 37°C using
silicagel. From these measurements, information is
obtained about the decrease in mass and volume of the
degrading biomaterial and the amount of water uptake .
The changes in dry mass during degradation at t, is
calculated by dividing the dry mass at t, by the mass
measured at to, multiplied by 100%. The water uptake
per volume of biomaterial at t, is calculated by
dividing the change in volume of the nerve guide at t,
by the wet volume of the nerve guide at t, multiplied
by 100%.
In addition, the pH of the PB of 2 samples was
measured at all time intervals, using a "pH-meter"
(Sentron®2001; Sentron, Roden , The Netherlands).
Before measuring the pH, the "pH-meter" was calibrated, according to standard operating procedures.

Preparation of the nerve guides

Macroscopy

The biodegradable nerve guides in this study were
composed of a copolymer of SO% DL-lactide and SO%
e-caprolactone. The lactide component contained 8S%
L-lactide (LLA) and 15% D-lactide (DLA). For the
preparation of this copolymer, stannous 2-ethylhexanoate was used as a catalyst. The reaction temperature
was 130°C and the duration of the reaction was IS
days.
A solution of 3 wt% of the amorphous copolymer
in chloroform was prepared. This solution was dipcoated on a glass mandrel with a diameter of 1. l mm.
Finally, the polymer was manually removed from the
mandrel. The preparation procedure is described in
detail by Den Dunnen et al. (1996). This technique
resulted in a nerve guide with an internal diameter of
approximately 0.9 mm, a wall thickness of 0.20 mm
and an external diameter of 1.1 mm.
After preparation, each nerve guide (Mw of 1. 1 x
106 kglkmol), with a length of 12 mm, was stored in
lSO J.tl 0.1 M KH 2P0 4 and 0.1 M N~HP0 4 .20H (PB,
pH 7 .4) at room temperature (RT).

The nerve guides were also evaluated for changes
in macroscopy at all time intervals. The nerve guides
were evaluated for swelling and changes in color of
the degrading polymer.
~

measurements

The degrading nerve guides were evaluated for
changes in the Mw. Every week, the Mw of 2 samples
was measured , using Gel Permeation Chromatography
(GPC) in combination with Light Scattering (as a
detector) , using chloroform as a solvent. Polystyrene
was used as a standard in our calibration curve.

Preparation of the nerve guides for cryo-scanning
microscopy
Cryo-scanning microscopy evaluation of the
degradation of the nerve guide was carried out after 0,
S, 8, 10, and 12 weeks. Thin (100-200 J.tm) slices of
the nerve guides were mounted on copper specimen
grids (7S mesh). Subsequently, cryo-fixation was
carried out using a Reichert-Jung (Vienna, Austria)
MM 80 slammer at -1 90°C (in liquid N~. The frozen
nerve guide was inserted into the Oxford Instruments
104
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Table 1. Water uptake by the biomaterial and the
changes in dry mass of the nerve guides during
degradation .

I
Figure 1. Schematic representation showing the set-up
designed to measure the changing volumes of the
nerve guides. After storage, a nerve guide was placed
in a constant volume of demi-water (a). The rise of
this volume is removed via a capillary tube and
subsequently weighed (b). This weighed volume
corresponds with the volume of the nerve guide.
(Oxford , UK) Cryo preparation system CT 1500 HF ,
whereafter the temperature was set to -95 °C. Subsequently , the sample was broken by a cryo-knife in
order to obtain a clear fracture, and the surface was
etched by sublimation of H20 from the surface for 1
min and coated with a 1.5 x 10·9 m layer of Pt or
Au/Pd (Denton Vacuum 1 inch sputter source;
Denton, Cherryhill, NJ) at -l20 °C.
After this preparation of the nerve guide, the
sample was placed into a Jeol (Tokyo , Japan) Field
Emission Scanning Electron Microscope (6301 F) .
From the fracture surface, micrographs at -125°C
were made with magnifications ranging from 4500x to
35000x, operating at 2 to 10 kV.

Time (weeks)

Changes in
dry mass

Water uptake
( % of wet
volume)

1

5%

13 %

2

1%

21 %

3

4%

33 %

4

2%

42 %

5

2%

48 %

6

2%

53 %

7

0%

31 %

8

1%

0 %

9

1%

19 %

10

1%

35 %

11

0%

33 %

12

0%

29 %

13

0%

20 %

14

1%

0 %

maximum decrease observed after 11 weeks was
approximately 40 %. Linear regression analysis and
ANOVA (analysis of variance) were performed, and
showed a F-value of 7.039 and a p-value of 0.0199 .
Macroscopical analysis
Changes in color of the degrading polymer were
not observed during the study period. Swelling of the
nerve guides was not observed either.

Results

Molecular weight evaluation
After 4 weeks of degradation, the copolymer still
has approximately the same weight average molecular
weight (Mw) as the original copolymer, i.e. , 9.8 x lOS
kg/kmol (Fig. 4). Five weeks after onset of the degradation study, the Mw starts to decrease slowly to 4.2 x
105 kg/kmol after 13 weeks of degradation (Fig . 3) .

Evaluation of pH, mass and volume
The pH of the PB in which the nerve guides were
stored, was almost constant. A significant trend
concerning the water uptake by the biomaterial over
the course of the study, was not observed (Table 1).
Changes in dry mass of the nerve guides during
degradation was not observed either (Table 1).
The change in volume of the nerve guides in time,
as well as the regression plot of these values are
outlined (Fig. 2). A decrease of the dry volume of
biomaterial during degradation can be observed. The

Cryo-scanning analysis
Until 8 weeks , the cryo-breaking of the nerve
guides for cryo-SEM analysis could easily be performed . At 10 and 12 weeks, it was difficult to obtain
a clear fracture, because of a change in the physical
105
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Figure 2. Change in volume of the nerve guides as a function of time and the regression plot of the values
measured (straight line).
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state of the biomaterial.
Cryo-SEM observations of the fracture surface of
the nerve guides (Fig. 4) showed a hilly aspect of the
fracture surface of the nerve guide in the first week of
degradation (Fig. 4a) . During the first 5 weeks of
degradation, some holes with a diameter of approximately 0.3 J.tm were formed (Fig. 4b). Eight weeks
after onset of the degradation study, an increase in
number of holes was observed (Fig. 4c), although the
diameter of the holes remained equal. Furthermore,
(surface) cracks could be observed after this degradation period (Fig. 4d). Ten weeks after onset of the
degradation study, an increase in the number, as well
as the size of the cracks, was observed (Figs. 5a,b).
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Discussion
The aim of this in vitro study was to evaluate the
short term degradation of an amorphous copolymer
constructed of DL-lactide and e-caprolactone, with an
initial Mw of 1.1 x 106 kg/kmol. This study is of
interest since this amorphous copolymer is used for
the con-struction of a biodegradable nerve guide (Den
Dunnen et al. , 1993b).
An ideal nerve guide should provide optimal conditions for the outgrowing and maturation of nerve
fibers , and degrade immediately after serving this
function , in order to prevent chronic nerve com-

time (weeb)

Figure 3. Change in Mw of the nerve guides as a
function of time. __ represents the molecular weights
of the nerve guides measured in the present study. ---represents the molecular weights of the rods measured
by Den Dunnen et al. (1997b) . . . . . represents the
corrected values of the molecular weights.
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Figure 4. Cryo scanning electron micrograph (cryo
SEM) of a poly (DL-lactide-t:-caprolactone) nerve
guide. (a) A hilly aspect of the fracture surface of the
nerve guide can be seen in the first week of degradation. (b) Five weeks after the onset of the degradation study, holes of approximately 0.3 ~-tm are
formed. (c) After 8 weeks, the biomaterial becomes
more porous, an increase in number of holes can be
seen. (d) Detail from the hole shown in (c). Notice the
beginning of crack formation (arrows).
pressiOn (Ducker and Hayes, 1968). On the other
hand, a nerve guide should not degrade too fast,
because fibrous tissue can then grow into the nerve
gap and hamper the regeneration and maturation of the
nerve fibers. Therefore, this degradation study model
will provide relevant information for fmetuning the
degradation rate of the nerve guide. The evaluation
periods of this study ranged from 1-14 weeks, because
the regeneration of nerve fibers and maturation of a 1cm gap in the sciatic nerve of the rat occurs in the
same time span (Robinson et al., 1991; Den Dunnen
et al., 1993a; Dellon and Mackinnon , 1988).
This study showed that the degradation of poly
(DL-lactide-t:-caprolactone) nerve guides did not result
in major or minor fluctuations in pH. This means that
107
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also in the in vivo environment the degradation of the
guide will have no effect on the local pH, especially
since in vivo buffer effects are much more effective.
From the Mw measurements in this study it can be
observed that the Mw is constant until 4 weeks. Thereafter, the Mw decreases (i.e., 1.1 x 106 kg /kmol)
slowly to 4.2 x lOS kg/kmol.
The degradation of subcutaneously implanted DLlactide and E:-caprolactone polymeric bars were
evaluated in a separate study (Den Dunnen et al.,
1997b). In that in vivo study, three months after
degradation, the copolymer still had the same M.., as
the original copolymer, i.e., 1.0 x 106 kg/kmol (Fig.
3). The degradation was characterized by swelling of
the degrading polymer up to 300%. Four months after
implantation the Mw had suddenly decreased to
approximately 8 x leY kg/kmol (Fig. 3). This corresponded with the sharp decrease in volume of the
copolymer. The Mw values in that study however,
were obtained by measuring the bulk of the degrading
copolymer and some rat tissue. It is likely that in the
fibrous tissue, surrounding the bulk of biomaterial,
molecules with a lower Mw are present, which was not
measured. So the Mw values measured in that study
needed to be corrected (Den Dunnen, 1996). This was
done by measuring the Mw -spectrum from the rat
tissue, these values were subtracted hom the original
Mw values. The corrected values are outlined in Fig.
3. From that Figure it can be concluded that the rate
of polymer degradation in this study is much slower
than the corrected Mw values.
This difference in rate of polymer degradation
was probably caused by the fact that in this degradation study the nerve guides were stored at RT,
whereas in the in vivo study, the degradation took
place at approximately 40°C (body temperature of the
rat). Although other parameters (as for example
enzymatic activity) may be of influence too.
In the present study, an appreciable loss of the
original mass of the nerve guides during the entire
evaluation period was not observed (Table 1). It must
be noted that the evaluation period was only 14 weeks.
However, Den Dunnen et al. (1995) found a 7% loss
of the initial weight after 10 weeks in his study. This
implies that in this study, the degradation of poly (DLlactide-E:-caprolactone) was relatively slow, which
could also be explained by the fact that in this
degradation study the nerve guides were stored at RT.
The decrease in Mw (i.e. , from 1.1 x 106 kg/kmol
to 4.2 x 105 kg/kmol), does not correspond with a
sharp decrease in volume of the biomaterial, which
was observed by de Dunnen et al. (1997b). However,
the dry volume of the nerve guides decreased 30%
during a 14 week period.

Figure 5. (a) Cryo scanning electron micrograph
(cryo SEM) of a poly (DL-lactide-E:-caprolactone)
nerve guide after 10 weeks. Cracks are clearly visible
and an increase of the diameter of the holes was
observed. (b) Cryo scanning electron micrograph
(cryo SEM) of a poly (DL-lactide-E:-caprolactone)
nerve guide after 12 weeks.
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In the first place, these differences could be
explained by temperature differences, as stated before.
Secondly, the Mw values in the study of Den Dunnen
et al. (1997b) were obtained from an in vivo model. In
vivo, several proteins and enzymes are present, which
can be responsible for a cleavage in ester bonds,
which in tum will result in an increase in the
hydrolytic degradation (Kulkarni et al., 1971; Pitt et
al., 1981).
In the present study, swelling of the biomaterial
during degradation was not observed. A change in
color of the degrading polymer from transparent to
opaque in this study was not observed either. In
previous studies, it was found that the degradation of
the amorphous poly (DL-lactide-~:-caprolactone) nerve
guide was characterized by swelling of the biomaterial, starting between 1 and 2 months after
implantation (Den Dunnen et al., 1995, 1996). It was
stated that the swelling of the biomaterial was caused
by the absorption of water in the degrading copolymer, whereafter the biomaterial became opaque (after
drying, the copolymer became transparent again) .
Due to the relatively slow degradation of the
biomaterial in this short term study, swelling of the
biomaterial as well as a change in color was not observed. The difference in temperature of the storage
media lowers the degradation rate, "crack"-forrning
decreases too. Therefore less water uptake is possible.
An acceleration of the degradation rate at RT, is also
likely to occur in this in vitro model, albeit after a
longer period.
From the cryo-SEM analysis in the present study,
it can be concluded that a change in the physical state
of the biomaterial was apparent after 10 weeks, although no swelling or decrease in dry mass of the
nerve guide could be observed. At the same time, an
increase of the diameter of the holes in the biomaterial
was observed, immediately followed by a decrease in
Mw thereafter. After 12 weeks of the onset of the
degradation study, an increase in the number of cracks
was observed, again immediately followed by a decrease in M.., at week 13.
In conclusion, the degradation of the poly (DLlactide-~:-caprolactone) nerve guides in this study was
characterized by a slow but steady decrease in Mw
with time. Furthermore, cryo-SEM analysis showed
holes with a diameter of approximately 0.3 ~-tm 5
weeks after degradation, and cracks after 8 weeks. A
decrease of the dry volume of biomaterial during
degradation was observed. Loss of dry mass of the
nerve guides, as well as swelling of the biomaterial
during the 14 week period was not observed. The
discrepancy in the results with the study of Den
Dunnen et al. (1997b) is probably caused by the fact

that in this degradation study the nerve guides were
stored at RT, whereas in the other studies the samples
were stored at approximately 40°C, resulting in a
slower degradation rate. Although other parameters (as
for example enzymatic activity) may be of influence
too.
In the near future, an in vitro biodegradation
study of the poly (DL-lactide-~:-caprolactone) nerve
guide stored in different media at different
temperatures, in which several proteins and enzymes
are present, will be performed. This will provide
essential information with regard to the influence of
proteins and enzymes on the degradation of poly (DLlactide-~:-caprolactone) nerve guides.

Acknowledgements
The authors are grateful to A. Holwerda for the
Molecular weight measurements of the nerve guides,
P. van der Sijde, D. Huizinga and B. Hellinga for the
photography and M .B.M. van Leeuwen for her assistance in all experiments.

References
Ali SAM, Doherty PJ, Williams DF (1993)
Mechanisms of polymer degradation in implantable
devices. 2. Poly (DL-lactic acid). J Biomed Mat Res
27: 1409-1418.
Dellon AL, Mackinnon SE (1988) An alternative
to the classical nerve graft for the management of the
short nerve gap. Plast Reconstr Surg 82: 849-856 .
Ducker TB, Hayes GJ (1968) Experimental improvements in the use of silastic cuff for peripheral
nerve repair. J Neurosurg 28: 582-587.
Den Dunnen WFA (1996) Biodegradable Nerve
Guides. Doctoral Thesis, University of Groningen,
The Netherlands. ISBN 90-9009659-0.
Den Dunnen WF A, van der Lei B, Schakenraad
JM, Blaauw EH, Stokroos I, Pennings AJ, Robinson
PH. (1993a). Long term evaluation of nerve
regeneration in a biodegradable nerve guide.
Microsurg 14: 508-515.
Den Dunnen WFA, Schakenraad JM, Zondervan
GJ, Pennings AJ, van der Lei B, Robinson PH.
(1993b). A new PLLA/PCL copolymer for nerve
regeneration. J Mat Sci: Mat in Med 4: 521-525.
Den Dunnen WFA, van der Lei B, Robinson PH,
Holwerda A, Pennings AJ, Schakenraad JM (1995)
Biological performance of a degradable poly(lactic
acid-~:-caprolactone) nerve guide: Influence of tube
dimensions. J Biomed Mat Res 29: 757-766.
Den Dunnen WF A, Stokroos I, Blaauw EH,
Holwerda A, Pennings AJ, Robinson PH, Schakenraad
109

M .F. Meek et al.
JM. (1996). Light-microscopic and electronmicroscopic evaluation of short-term nerve
regeneration using a biodegradable poly(DL-lactide-Ecaprolacton) nerve guide. J Biomed Mat Res 31: 105115.
Den Dunnen WFA, van der Lei B, Schakenraad
JM, Stokroos I, Blaauw EH, Bartels H, Pennings AJ,
Robinson PH (1997a) Biodegradable poly(DL-lactideE-caprolacton) nerve guides perform better than
autologous nerve grafts. Microsurg, in press.
Den Dunnen WFA, van Wessel R, Pennings AJ,
Robinson PH, van Leeuwen MBM, Schakenraad JM.
(1997b). Evaluation of degradation and foreign body
reaction of subcutaneously implanted poly (DL-lactideE-caprolacton) bars. J Biomed Mat Res, in press.
Kulkarni RK, Moore EG, Hegyeli AF, Leonard F
(1971) Biodegradable poly (lactic acid) polymers. J
Biomed Mat Res 5: 169-181.
Robinson PH, van der Lei B, Leenslag JW,
Nieuwenhuis P. (1991). Nerve regeneration through a
two-ply biodegradable in the rat and the influence of
ACTH4-9 nerve growth factor. Microsurg 12: 412419.
Pitt CG, Gratzl MM, Kimmel GL, Surles J,
Schindler A (1981) Aliphatic polyesters II. The
degradation of poly (DL-lactide), poly (epsiloncaprolactone), and their copolymers m VIVO.
Biomaterials 2: 215-220.
Vert M, Li SM, Splenehauer G, Guerin P (1992)
Bioresorbability and biocompatibility of aliphatic
polyesters. J Mat Sci: Mat in Med 3: 432-446.

dation rate of the nerve guide: what is the desired
degradation rate?
Authors: Indeed, fine-tuning of the degradation rate
of the nerve guide is of great importance. The desired
degradation rate of a nerve guide must be in accordance with the length of the nerve gap and the speed
of nerve regeneration. A longer nerve gap desires a
slower degradation rate (and the other way around). In
a 1 em gap in the rat, the nerve guide may lose its
strength after 2 months. In humans however, first
there is a latency period of 3 weeks. Thereafter nerves
regenerate with a rate of approximately 1 mm per day.
After bridging the nerve gap, the nerve guide should
also stay intact during the first phase of maturation. In
a 1 em gap in humans, the nerve guide should
therefore stay intact somewhat longer than in a 1 em
gap in the rat.

Discussion with Reviewers
S.W. Shalaby: Is it possible that the early formation
of holes is due to evaporation of trace amounts of
chloroform?
Authors: No, the early formation of holes is not due
to evaporation of trace amounts of chloroform. In the
past, cytotoxicity tests [MEM-extract test (72 h)] were
carried out for toxic leachables and proved that the
nerve guides were non-toxic and contained no chloroform (since chloroform is cytotoxic).
M.S. Shoichet: How were the in vivo nerve guides
assessed for changes in molecular weight? Did the rat
tissue really dissolve in chloroform? And did you
really inject this into the GPC?
Authors: Poly (DL-lactide-e-caprolactone) dissolves in
chloroform. Cell membranes mainly consist of phospholipids, which also dissolve in chloroform. This
solution was injected in the GPC.
M.S. Shoichet: You discuss fine-tuning the degra110

